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Abstract

The ubiquity and potency of antibiotics may give the false impression that infection is a solved
problem. Unfortunately, even bacterial infections, the target of antibiotics, remain a major cause
of illness and death. Several major unmet needs persist: biofilms, such as those on implanted
hardware, largely resist antibiotics; the inflammatory host response to infection often produces
more damage than the infection itself; and systemic antibiotics often decimate the gut microbiome,
which can predispose to additional infections and even predispose to non-infectious diseases.
Additionally, there is an increasing threat from multi-drug resistant microorganisms, though
market forces may continue to inhibit innovation in this realm. These numerous unmet infection-
related needs provide attractive goals for innovation of targeted drug delivery technologies,
especially those of nanomedicine. Here we review several of those innovations in pre-clinical
development, the two such therapies which have made it to clinical use, and the opportunities for
further technology development for treating infections.
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1. Introduction

Infections remain a public health concern with significant associated costs. Our example for
this review is bacterial pneumonia, a class of infections with serious morbidity and mortality
worldwide. In the United States, it is in the top 10 causes of mortality each year[1]. This
translates to an estimated yearly cost in excess of $17 billion in the US[2]. Pneumonia is the
leading infectious cause of death in children worldwide, accounting for 15% of all deaths of
children under five years old in 2017[3]. These statistics persist despite widespread use of
antibiotics.

These disappointing statistics are in part due to three pharmacokinetic and biodistribution
problems of antibiotics. First, as small molecule drugs, many antibiotics have unfavorable
pharmacokinetics and thus require very frequent dosing. Second, many antibiotics have
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trouble reaching the anatomic source of bacteria in some infections, such as the central
nervous system and abscesses (infectious pockets walled off by the body’s response to large
concentrations of bacteria). Finally, unwanted side-effects on off-target organ systems can
lead to dose limiting toxicity, and may be so severe an antibiotic cannot be used clinically.

Compounding the issues associated with antibiotic pharmacokinetic and biodistribution,
antibiotic resistance is a growing problem. There are greater than 2.8 million antibiotic-
resistant infections each year in the US, resulting in more than 35,000 deaths[4]. The

2014 World Health Organization Antimicrobial Resistance Global Report on Surveillance
estimated that those antibiotic-resistant infection numbers come at a yearly cost to the US
health system upwards of $34 billion dollars, with an associated projected fall in real gross
domestic product (GDP) of 0.4% to 1.6%, which translates into many billions of dollars
globally[5]. To date, resistance to every known class of antibiotics has been shown][6].
Worsening the antibiotic resistance crisis is the fact that no new antibiotic classes have been
discovered in more than 30 years[7]. There is currently an urgent need for antimicrobials
with a novel mechanism of action[8].

1.1 The Beginning of Antibiotics

For much of history, infections represented a disproportionate amount of population deaths.
The search for infectious treatment modalities dates back to the ancient civilizations of
Egypt, Greece, and China[9]. The first natural antibiotic was mycophenolic acid, isolated
from Penicillium galucum, and reported by Italian physician and microbiologist Bartolomeo
Gosio in 1893[10]. Gosio observed that mycophenolic acid was sufficient to inhibit the
growth of Bacillus anthracis. The first modern, man-made antimicrobial agent was created in
1911 by Paul Ehrlich’s lab[11]. Salvarsan, or the “magic bullet” as it was referred to in that
time, is an organoarsenic compound used to treat syphilis and is regarded as the introduction
of targeted chemotherapy[12]. This was followed in 1928 by the discovery of penicillin

by Alexander Fleming[13]. Since this work, many antibiotics have been discovered and
synthesized to inhibit several key bacterial functions.

1.2 Limitations of Antibiotics

Despite their long history of revolutionizing treatment and outcome of infections, antibiotics
also have glaring limitations. To begin with, antibiotics have the typical pharmacokinetics
problems common to most small molecule drugs. First, antimicrobial efficacy is dependent
on a bacteria’s exposure and susceptibility to the antibiotic, which directly relates to the dose
needed and the individual patient’s physiology, which affects a drug’s pharmacokinetics.
Despite the knowledge that patient factors impact the pharmacokinetics of antibiotics,

these are rarely used to guide clinical practice, with most dosing recommendations based

on population data[14]. Second, antibiotic metabolism can lead to chemically active
compounds that cause toxicities, such as hypersensitivity reaction and teratogenicity[15].
Third, individual pharmacokinetics can change over time, especially across trajectories of
critical illness. This leads to expensive drug level monitoring as antibiotic dosage must

be altered to achieve levels of perceived efficacy while avoiding levels that could cause
further morbidity[16]. These simple pharmacokinetics problems leave many opportunities
for nanomedicine to improve antibiotic delivery.
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In addition to these pharmacokinetic problems common to most small molecule drugs,
antibiotics also suffer from the problem that penetration of the drug into the infected space
is often highly limited (Figure 1). In the example of pneumonia, the lung’s alveoli are filled
with purulent material, which makes it difficult for inhaled and intravenous antibiotics to
reach the bacteria within the alveoli. Furthermore, complications of pneumonia, including
cavity formation in necrotizing pneumonia and empyema (infection of the pleural space),
create settings in which antibiotic penetration into the cavities is severely compromised.
The former requires prolonged systemic antibiotic therapy, while the latter often requires
surgical treatment with associated morbidity. Other infectious compartments associated with
difficult antibiotic delivery include: the bone in osteomyelitis and the cerebrospinal fluid in
meningitis. Creative solutions to antibiotic delivery may improve their ability to target these
body compartments.

Given the above pharmacokinetic and drug penetration issues, antibiotics often are delivered
in high and prolonged doses, leading to off-target side effects. Systemic antibiotics

lead to perturbations in the microbiota, which can have both short-term and long-term
consequences. The systemic exposure to antibiotics alters the microbiota and can make
critically-ill patients more susceptible to further infections, and can select for drug-resistant
bacteria[17]. Antibiotic exposure has been linked to morbidities such as C. difficile infection
in adults[18] and necrotizing enterocolitis in neonates[19]. There are emerging studies
suggesting longer term morbidities, such as development of asthma, obesity, and depression,
may be associated with systemic antibiotic exposure in neonates and pediatric populations;
and therefore, directed antibiotic delivery may lead to improved outcomes.

1.3 Bacterial resistance patterns

Beyond the host-factor and delivery limitations of antibiotics, bacteria have developed
mechanisms to evade antibiotic action. As early as 1948, research suggested that bacterial
genetic changes were one method of escaping antibiotic action, which continues to be
one of bacteria’s effective resistance strategies[20][21]. The three main methods bacteria
employ to resist antibiotic action are: membrane changes to alter antibiotic permeability
(including efflux pumps), producing enzymes to degrade antibiotics, and altering the
bacterial protein target[22]. Bacterial resistance genes can be spread by plasmid transfer,
amplifying resistance as it develops[23]. These strategies have been so effective that there
has now been antibiotic resistance documented to nearly every available antibiotic[24].

The lowest concentration of an antimicrobial that will inhibit the visible growth of a
microorganism after overnight incubation is known as the minimum inhibitory concentration
(MIC), and is an important measure of bacterial sensitivity to specific antibiotics[25]. As
bacteria develop the aforementioned resistance mechanisms, initially they can be overcome
by increasing concentrations of antibiotics. This is seen as rising measurements of the
MIC[26]. Eventually the antibiotic dosing required to reach MIC in a patient will result in
intolerable off-target effects limiting its clinical utility.

Bacteria’s propensity for developing resistance patterns in conjunction with inappropriate
and overuse of antibiotics has driven the emergence of multi-drug resistant (MDR)
bacteria[27]. The rapidly increasing population of MDR bacteria is a serious threat to
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public health with significant morbidity and mortality, making new antibiotic development
a global priority[28]. Current strategies have included improved antibiotic stewardship,
combination antibiotic therapies[29][30], which require use of 2 or more antibiotics to
treat infections, and adjuvant therapies[31][32][33], where pharmaceuticals that have their
own antibacterial properties or target bacterial resistance mechanisms are given in addition
to traditional antibiotics[34]. Despite these efforts, there continues to be an exponential
increase in multidrug resistant bacteria that continues to challenge clinical care[35].

Nanomedicine is moving into the area of MDR treatment, which requires more than

just development of new classes of antibiotics. MDR treatment will additionally need to
harness the antimicrobial properties of compounds outside of traditional antibiotics. The
antimicrobial potential of heavy metals, such as a silver and gold, has been recognized for
many years[36]. Silver has a long history of topical application, being used to decrease
infection risk of burns and wounds[37]. It has not been proven as an effective therapy when
administered orally or parenterally, and has poor excretion once absorbed, leading to the
FDA removing its approval for use[38-40].

Heavy metal nanoparticles hold the potential of clinically harnessing the antimicrobial
properties of these metal for clinical effect. On particular study by Figueiredo et al. obtained
silver nanoparticles (AgNP) by fungus-mediated synthesis, average size 77.68+33.95 nm.
These were coupled with Simvastatin, a member of the statin family, which are known

for their antihyperlipidemic effects by competitively inhibiting the enzyme HMG-CoA
reductase, decreasing cholesterol biosynthesis. Statins have also been found to have
antimicrobial effects, which is believed to be related to their immunomodulary and anti-
inflammatory effects[41]. Coupling of AgNPs to Simvastatin resulted in a synergistic effect
of bactericidal antibacterial activity against several resistant organisms, including Methicillin
Resistant S. aureus and Extended Spectrum Beta-Lactamase producing £. co/f42]. To date,
studies on the antimicrobial properties of heavy metal nanoparticles have largely been /n
vitro studies. Clinical use of heavy metal nanoparticles has been limited by the: 1. expensive
and hazardous synthesis[43] and 2. human toxicity[44]. As advances are made on synthesis
techniques and biocompatibility, the use of metal nanoparticles should be a future focus for
development of MDR infection treatment.

2. Nanomedicine: modernizing antibiotics

A modern approach to antimicrobial therapy will address the many limitations and
disadvantages of traditional antibiotics by utilizing nano-scale carriers (Table 1).
Incorporating antibiotics into nanoparticles has many potential advantages. Particles can
be engineered to specifically target an organ, tissue type, cell type, or bacteria directly.
Targeting has the benefits of directing high antimicrobial concentrations at the site where
bacterial killing is needed, which should lower the overall effective antibiotic dose, and
therefore, decrease the side effect profile. The nanoparticle preparation additionally has the
ability to change the solubilization of antimicrobial pharmaceuticals. There is also potential
to alter the pharmacokinetics which may allow for a more favorable side effect profile.
These benefits of nanocarrier preparations have the potential to address current resistance
concerns, as well as, introduce more antibiotics to clinical use.
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2.1 Nanoparticle antibiotic preparations currently in clinical use

While nanocarrier antibiotic preparations could be the future of antibiotics, there are
currently just a few that have already been brought to clinical use (Table 2). AmBisome,

a <100nm unilamellar liposome preparation of amphotericin B, is the first clinically
approved nano-scale carrier packaged antimicrobial. The AmBisome liposome is made

of 61% hydrogenated soy phosphatidylcholine, 24% distearoyl phosphatidylglycerol, and
15% cholesterol, and has a lipid-to-drug mass ratio of 0.14[61]. The liposomal preparation
decreases the volume of distribution of amphotericin B, which in turn leads to an 8- to
10-fold increase in the peak concentration (Cmax) and areas under concentration-time
curves (AUC) for the antifungal[62]. As compared to amphotericin B, AmBisome has
increased concentrations of drug in the blood, liver, and spleen but decreased concentrations
in the kidney and lung[63]. The decreased kidney concentration in conjunction with changes
in pharmacokinetic clearance with markedly decreased excretion of unchanged drug in
urine accounts for AmBisome’s decreased kidney toxicity associated with conventional
amphotericin B deoxycholate formulations[64]. It additionally offers some fungal cell wall
targeting[65]. For these reasons, AmBisome is the preferred amphotericin preparation in
clinical use, commonly employed for life-threatening fungal infections[66].

The second antimicrobial nanomedicine introduced was Arikayce, an amikacin liposome
inhalation suspension, which was approved for clinical use within the last few years.
Avrikayce is an approximately 300nm liposome made of cholesterol and DPPC with a lipid-
to-amikacin ratio of 0.6 to 0.79[67]. Arikayce was developed as a response to poor treatment
options for pulmonary infections with nontuberculous mycobacteria. Amikacin has been
used to treat nontuberculous mycobacteria infections with variable efficacy, and its use has
been significantly limited by off-target systemic toxicities. Intravenous liposomal amikacin
has been able to decrease side effects and achieve effective nontuberculous mycobacteria
treatment; however, the inhibition of bacterial proliferation from this preparation is brief

and followed by bacterial growth after completion of treatment. Arikayce has been shown

to produce 274-fold higher amikacin levels in lung tissues, airways, and pulmonary
macrophages compared with intravenous amikacin[68]. This concentration of antibiotic at
the site of infection, in conjunction with fewer toxic side effects observed, makes Arikayce a
promising treatment for nontuberculous mycobacterial infections[69].

Pneumonia special considerations—Two clinical outcomes of pneumonia discussed
in the introduction, formation of a cavitary lesion and empyema, pose significant barriers to
drug delivery for effective treatment. Cavitary pneumonia can develop in cases of antibiotic-
resistant bacteria[72], immunocompromised hosts, or non-adherence to outpatient treatment
regimen[73]. Lung tissue with cavitary lesions has decreased blood supply, which makes

it difficult for systemic intravenous antibiotics to reach these tissues[74]. Cavitary lesions
are often not in continuity with the airway, which additionally makes it difficult for inhaled
antibiotics to reach the site of infection, resulting in frequent need for surgical debridement
to address this complication[75].

While diffusion of antibiotics into the pleural space is usually good, infection with empyema
presents other difficulties. The antibiotics can be inactivated by the purulent material in the
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pleural space, the low pH of infected material in the pleural space, and beta-lactamase
enzymes produced by some bacteria[76]. For these reasons, despite antibiotic therapy,
definite treatment of empyema often includes surgical debridement and decortication[77].

3. Infection treatment targets beyond bacterial killing

Infection treatment has not been limited to antimicrobials with the goal of bacterial killing.
Other areas of interest include: antivirals, biofilm perturbation, sequestration of bacterial
toxins, and alteration of host response to infection.

3.1 Antivirals

Antivirals have been employed with varying degrees of success. In the case of Hepatitis
C, direct-acting antiviral drugs have led to a more than 90% cure rate[78][79]. Despite the
great success seen with Hepatitis C, direct-acting antiviral technology has not continued
to develop due to a significant roadblock. For many other viral infections, direct targeting
of the virus has been largely unsuccessful due to the rapid emergence of antiviral drug
resistance[80][81][82][83][84].

Recent work has change focused from pharmaceuticals with a direct-acting viral target.
Rather, emerging technologies focus on modifiable host factors that can help clear viral
infection. One possible target is host cell factors that are required for viral replication,

but dispensable for the host[85][86][87]. These targets offer the benefit of decreasing viral
load by blocking replication, while also having minimal effects to host functioning. These
therapies are limited by the identification of dispensable host-cell targets and viral escape
through secondary pathways.

The host damage inflicted by viral infections is two-pronged. The intrinsic viral
pathogenicity is the first cause of viral morbidity and mortality. The second host is due
directly to the innate immune response, which can lead to tissue injury in the process

of viral clearance[88]. This leads to a second possible target for infection treatment: the
host immune response, with a goal of enhancing host-directed viral control while limiting
tissue damaging immunopathology[89]. Future antiviral treatments will need include a
combination of a direct-acting antiviral with a focus on host immunomodulation to address
both etiologies of morbidity and mortality.

3.2 Biofilms

Biofilms are formed when bacteria attach to a surface, create a colony, and form a matrix
of sticky extracellular polymeric substances[90]. Biofilms are estimated to be responsible
for approximately 80% of human infections[91]. Biofilm formation can lead to persistent
infection as the biofilm eludes innate and adaptive host defenses, and the extracellular
polymeric matrix can shelter bacteria from antimicrobial drugs[92]. Biofilm resistance to
treatment is through a combination of several modalities including: decreased antibiotic
penetration, extracellular DNA release, bacteriophage production, quorum sensing, and
horizontal transfer of resistance genes[93]. Due to the frequency with which biofilms
produce persistent infections, they represent a significant challenge to clinical care.
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Biofilms form more readily on damaged tissues and implantable devices, causing their
resistance to treatment to be especially worrisome in the medical device space. Bacterial
biofilms are the principal source of central line associated infections, and persist despite
advances in catheter engineering and sterile placement techniques[94]. Biofilms have been
implicated in the difficulty with treating infective endocarditis for both native and prosthetic
heart valves, and have led to poor treatment outcomes and frequent need for surgical
intervention[95][96]. Prosthetic joint biofilm infection is especially devastating as it almost
always requires surgical revision, sometimes with joint replacement[97][98], at an estimated
cost to the US of $1.62 billion by 2020[99]. Between the clinical impact and economic
implications, it is imperative to discover more effective biofilm treatment modalities.

Given the many limitations of traditional antibiotic treatment to eradicating biofilms,
nanomaterials have been engineered to specifically address biofilms with some success in
the lab. Particles that are smaller than 350nm can diffuse through the biofilm pores[100],
allowing them to deliver antibiotic cargo to bacteria within the biofilm. This method of
antibiotic delivery has the potential to overcome the protective extracellular polymeric
matrix, which has traditionally contributed to biofilm resistance to antibiotic treatment.

As mentioned in section 1.3, bacterial efflux pumps are a common resistance mechanism,
which cause antibiotic levels in bacteria to remain below the minimum inhibitory
concentration. Metal nanoparticles, like zinc oxide nanoparticles, can inhibit bacterial efflux
pumps, which allows adequate antibiotic levels to accumulate in the bacteria and enhance
antibacterial effects in biofilms[101]. Cationic nanoparticles have enhanced antibacterial
activity due to increased interaction with biofilms as bacterial cell membranes display higher
levels of anionic lipids than mammalian cells[102]. Individually these preparations show
promise for future clinical use for biofilm infections, and in combination they have the
potential prospect of saving implantable devices.

3.3 Bacterial toxins

Bacterial toxins can cause broad morbidity, including diarrhea, rash, peeling skin, fever,
hypotension, and more[103], even in the absence of replicating bacteria. Many of these
toxins need to interact with the cell membrane to exhibit their virulence. Cell membrane
mimicking particles have been created to neutralize toxins by sequestering these virulence
factors. While these particles do not aid in bacterial clearance, they can improve morbidity
associated with infection[104]. This has already been shown in a Gram-positive infection
mouse model, where engineered toxin binding liposomes were able to rescue mice

from fatal septicemia[105]. Used in conjunction with a bacteriostatic or bactericidal
pharmaceutical, they can improve infection clinical outcomes.

Another particle with dual functionality is the biomimetic nanoparticle, which has been
developed with dual action of neutralizing endotoxin while decreasing proinflammatory
cytokines[106]. The polymeric core is wrapped with macrophage cell membrane to act
as a macrophage-like decoy. These particles first bind and neutralize bacterial endotoxin,
and then sequester proinflammatory cytokines. They have been shown to inhibit bacterial
proliferation and reduce proinflammatory cytokine levels in mice, leading to improved
survival in E. coli sepsis. Through several mechanisms, the addition of these anti-
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toxin nanopreparations to antibacterial treatment has the potential to decrease morbidity
associated with infections.

3.4 Host inflammatory response

The human immune response to infection is inflammation, which can cause damage to

the host itself. Unchecked inflammation leads to clinical syndromes such as sepsis and
ARDS that can be even more damaging than the initial infection. Modulation of the immune
response has been an area of interest to improve patient outcomes.

One immune modulation goal is to decrease inflammatory cell activity in infection.
Platelet-derived extracellular vesicles have been engineered for pneumonia-targeted drug
delivery. When loaded with anti-inflammatory factors, they have been shown to decrease
inflammatory cell migration into the lung and decrease the cytokine levels within lung
tissue in pneumonia[107]. Intercellular adhesion molecule-1 (I-CAM) targeted poly(lactide-
co-glycolide acid) (PLGA) nanoparticles co-loaded with Sparfloxacin, an antimicrobial,
and Tacrolimus, an immunosuppressant drug were able to decrease bacterial load and

host inflammatory factors in a pneumonia mouse model[60]. This led to a 6-fold increase

in survival with treatment, demonstrating effective improvement in treatment by immune
modulation.

Another area for immune modulation is the amplification signaling associated with
activation of immune cells and cytokine release. Doxorubicin-conjugated albumin
nanoparticles were able to selectively target activated neutrophils using pH-labile bonding
leading to targeted Doxorubicin-induced apoptosis of activated neutrophils. This treatment
inhibited neutrophil transmigration into tissues, decreased inflammatory cytokine levels, and
led to improved survival in sepsis[108]. Siglec receptors are immunomodulatory receptors
found in both mice and humans. PLGA nanoparticles have also been engineered with
Siglec-binding ligands, and were shown to block macrophage production of inflammatory
cytokines. These particles demonstrate therapeutic benefit in both mouse and human models
of lung infection and injury[109]. Another approach has been macrophage or neutrophil
membrane coating of nanoparticles to bind and neutralize inflammatory cytokines[110]. As
treatment modalities improve, the modulation of the host inflammatory response will be an
important area of growth for treatment of infections.

4. Shifting Focus to Targeted Drug Delivery Systems

Future innovation for antibiotics will certainly center on the delivery of small molecule
which can alter their pharmacokinetics, volume of distribution, efficacy, and off-target

effects. There is currently research on many different delivery targets: to organ tissues,

to specific cells, and directly to bacteria (Figure 2).

4.1 Tissue and cell passive targeting

Local biochemical changes in response to bacterial infection can be used for tissue
targeting of antibiotics. The accumulation of bacterial components and products, from
both Gram-positive and Gram-negative organisms, triggers rapid vasodilatation with
subsequent recruitment of additional capillaries[111]. Bacterial components additionally
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stimulate immune cells to release inflammatory mediators resulting in endothelial gap
widening, barrier dysfunction, and increased vascular permeability[112]. Macromolecules
will preferentially accumulate at sites of enhance vascular permeability, known as the
enhanced permeability and retention (EPR) effect[113]. Laverman et al. were able to show
that Polyethylene glycol (PEG) liposomes accumulate in the soft tissue of localized S.
aureus infection without any added targeting moieties on the liposomes[114]. They found
a maximum of 3.78+0.62% injected dose at the site of abscess as compared to uptake in
the non-infected contralateral muscle, which remained low. The abscess-to-muscle ratios
reached values as high as 39.7+9.5 at 24 hours post-injection based on the relative uptake
calculated in %ID/g. These particles were mainly localized in the vicinity of blood vessels,
and TEM showed these liposomes were localized mainly to macrophages. This passive
targeting allows for antibiotic concentration at sites of leaky vasculature, with the benefit
of no bioengineering needed to see the effect. The EPR effect is not an ideal modality

as widespread vascular dysfunction, which is frequently seen in sepsis, results in diffuse
delivery of antibiotic, rather than a concentration at the site of infection.

4.2 Tissue and cell active targeting

The addition of tissue- and cell-specific targeting moieties on nanoparticles has the potential
to improve bacterial clearance with decreased off-target side effects. Two particularly
beneficial targets are neutrophils and macrophages, as uptake of antibiotics may improve
their bacterial killing capacity. Macrophage targeting is already being used in one of the two
currently FDA approved anti-infective nanoparticle preparations, Arikayce (table 2)[71].

Wang et al. utilized the addition of a reactive oxygen species-responsive material to
nanoparticle design to direct antibiotic delivery to infected lung tissue and pulmonary
macrophages. By encapsulating moxifloxacin with 4-(hydroxymethyl) phenylboronic acid
pinacol ester-modified a-cyclodextrin (Oxi-aCD), there was effective internalization by
bacteria-infected macrophages in in vitro models, which decreased bacterial load in
macrophages as compared to non-targeted moxifloxacin nanoparticles. Additionally, it
resulted in better antibacterial activity and prolonged survival in an /n vivo mouse
model[115].

Treatment of intracellular infections may require drug targeting to macrophages and
monocytes. Prior et al. utilized end-group capped and uncapped poly(lactide) (PLA) and
PLGA microspheres loaded with gentamicin for their recent study. They showed these were
readily phagocytosed by macrophages and monocytes, with improved affinity associated
with increasing polymer hydrophobicity[116]. Microsphere phagocytosis caused activation
of human monocytes, resulting in an oxidative burst. Not only do these particles serve

to deliver antibiotics directly to the bacterial-fighting cells. They also have a secondary
activating effect, which may serve to improve bacterial killing activity of these monocytes.
Because of the multiple benefits discussed above, directed antibiotic delivery into immune
cells should be an important focus for future nanotechnology development.
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4.3 Bacterial targeting

Another option is targeting the pathogenic bacteria itself. Bacterial cell targeting has been
used with some success in /n vitro studies, and is one of the main areas of study for
anti-microbial heavy metal particles. One antibody-antibiotic conjugate utilized a highly
abundant S. aureus cell wall protein, p-N-acetylglucosamine cell-wall teichoic acid (-
GIcNACc-WTA), which is not present on mammalian cells[117]. The particles were designed
with a potent antibiotic conjugated to an intracellular protease-sensitive linker, leading to
antibiotic release only with uptake into the phagolysosome. The design allowed for targeting
directly to S. aureus, with directed intracellular bacterial killing.

Gold-silver nanoparticles have been successfully targeted to bacteria by incorporation of
anti-methicillin resistant S. aureus (MRSA) antibodies[118]. Antibody modification resulted
in more than a 10-fold enhancement in targeting with significantly lower concentrations
needed to achieve bacteriostasis.

Microbe-targeting is not limited to intravenous preparations, and has been developed in
some oral forms[119]. Addition of a chitosan-binding peptide to PLGA nanoparticles
resulted in Cryptococcus neoformans targeting, and subsequent incubation in free chitosan
enhanced oral absorption of these particles. Itraconazole loading of these particles resulted
in clearance of C. neoformans pneumonia and improved survival in mouse models.

5. Market Innovation

While it is clear that there are multiple unmet needs in the infection treatment space, it is
less clear that market forces will support such development. Several factors collaborate

to make the antibiotic market unattractive to large pharmaceutical companies and to
investors[120]. First, most bacterial infections are short-lived, so each prescribed patient
does not generate the large revenues of chronic disease patients. Second, there are cheap,
generic drugs that work in most patients (relatively few infections are multi-drug resistant).
Third, and most importantly, healthcare systems intentionally ration the use of new
extended-spectrum antibiotics, to prevent the development of resistance. All these factors
combined to cause a 90% decline in new antibiotic development in the 40 years[121].

However, all is not lost. Many national governments are now introducing policies that
could encourage new antibiotic development, such as more government research grants
and extended patent rights[120]. While waiting for those policies to solidify, makers of
novel antibiotics might benefit from comparing Table 1 with the 3 leading factors listed
above for why there is poor investment in novel antibiotics. From such a comparison, it
would seem that the economically riskiest area to innovate in is acute multi-drug resistant
infections, as their use will (and should) be rationed to prevent development of new bacterial
resistance. By contrast, drugs that focus on the other unmet needs listed in Table 1 do

not face such economic headwinds. Intriguingly, it is possible that some drug delivery
technologies could be developed address the unmet needs of Table 1, and incidentally also
be used to treat multi-drug resistant infection. For example, a technology that localizes a
drug to the site of infection (e.g., pneumonia) to prevent decimation of the gut microbiome
could have a viable market from that more widespread indication, but also secondarily
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be used for the rarer cases of refractory, multi-drug resistant pneumonia. This approach

has already been proven out with Arikayce, which is an inhaled formulation of liposomes
loaded with the effective but toxic antibiotic amikacin[67]. Arikayce is approved for chronic,
non-tuberculous mycobacterial infection of the lungs. It’s localization to the lungs prevents
a number of side effects from the cargo drug (e.g., gut microbiome elimination and kidney
failure), while also allowing it to treat some of the most multi-drug resistant bacteria outside
of hospitals. Considering examples like Arikayce, and the above economic realities and
practicalities, may help improve the innovation process for antimicrobial drug delivery.

6. Summary

Antibiotics are a marvel of modern medicine that have changed the outcome of infection for
over 100 years. Nonetheless, major limitations remain, in key areas such as treating biofilms,
the host response, viral infections, and preventing decimation of the gut microbiome.
Additionally, multi-drug resistant organisms are becoming a greater concern, though market
forces may delay innovation in that space until governmental incentive programs are rolled
out. Targeted drug delivery holds great potential for solving these unmet needs, and may
eventually achieve the original promise of antibiotics, that infections will no longer be a
major cause of significant illness and death.
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Current limitations to
pneumonia antibiotic
delivery:

1. PO antibiotics need to be
absorbed in the intestines:
antibiotics are active in the
intestines and kill the bacterial
microbiome

2. Purulent material blocks
inhaled antibiotics from reaching
the infection site

3. V/Q mismatch: decreased
blood flow to infected alveoli
decreases the amount of active
antibiotic they see from the
bloodstream
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Figure 1. Limitations to current antibiotic delivery in pneumonia infections.
There are three current macrodelivery routes of antibiotic administration: oral, intravenous,

and inhaled. Each has a limitation to effective delivery of antibiotics to the site of infection.
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Classes of Drug Delivery Targets to Treat Infectious Disease
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Figure 2. Potential classes of target for nanocarrier antibiotic delivery.
There are many options of target for nanocarrier delivery to treat infectious disease. Ligands

on nanoparticles can be used to target different organs, tissues, and cells, and are discussed
in detail in section 4. AT1 = alveolar type 1 cell, AT2 = alveolar type 2 cell.
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